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Primordial black holes can have substantial spin – a fundamental property that has a strong effect
on its evaporation rate. We conduct a comprehensive study of the detectability of primordial black
holes with non-negligible spin, via the searches for the neutrinos and positrons in the MeV energy
range. Diffuse supernova neutrino background searches and observation of the 511 keV gamma-
ray line from positrons in the Galactic center set competitive constraints. Spinning primordial
black holes are probed up to a slightly higher mass range compared to non-spinning ones. Our
constraint using neutrinos is slightly weaker than that due to the diffuse gamma-ray background,
but complementary and robust. Our positron constraints are typically weaker in the lower mass
range and stronger in the higher mass range for the spinning primordial black holes compared to
the non-spinning ones. They are generally stronger than those derived from the diffuse gamma-ray
measurements for primordial black holes having masses greater than a few × 1016g.
Introduction.– Astrophysical observations provide un-
ambiguous evidence of a non-relativistic, collision-less,
and weakly interacting matter, known as dark matter
(DM), constituting ∼ 26% of the total energy density
of the Universe [1]. Many well-motivated DM candidates
have been proposed and decades of experimental searches
conducted, yet the microscopic identity of DM remains
unknown. One of the earliest proposed DM candidates
is a population of primordial black holes (PBHs) [2–7].
There exist numerous observational constraints on the
fraction of DM comprised of PBHs ([8–20], see recent re-
views [21–23] and references therein), however, there still
exists parameter space where PBHs can form all of the
DM [11, 24, 25]. Multiple ideas have also been proposed
in order to probe PBHs in various mass ranges [26–29].
Given this increased scrutiny of PBHs (which started af-
ter the direct detection of gravitational waves [30, 31] and
the subsequent proposal that these BHs are primordial
in nature [32–35]), it is obvious to ask if we have explored
all the properties of BHs in our searches for PBHs. Typi-
cally, it has been assumed that PBHs have low spins [36–
38], however, there exist viable cosmological scenarios
where PBHs are born with a high spin [39–46]. Angular
momentum is a fundamental property of BHs and it is
crucial to explore its implications [47–50]. Here, we study
the impact of angular momentum on the observability of
PBHs.
PBHs with masses . 10−16 M can be discovered via
the observation of particles produced through Hawking
radiation. The lifetime of PBHs with masses less than
2.5×10−19 M ( 3.5×10−19 M) for non-rotating (maxi-
mally rotating) black holes is less than the age of the Uni-
verse and it cannot contribute to the DM density [51–54].
The leading constraints on low-mass PBHs arise from the
observation of photons [8, 55, 56], cosmic rays [9], and the
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511 keV gamma-ray line [57, 58]. Astrophysical observa-
tions of neutrinos have been used to constrain particle
DM [59, 60] and here we study its implications for PBHs.
Earlier analyses of the positron and the neutrino observa-
tions have focused on non-spinning PBHs [61–67]. Using
the latest experimental inputs, we thoroughly investigate
the constraints on spinning and non-spinning PBHs.
The origin of the 511 keV gamma-ray line from the
Galactic Center (GC) is one of the enduring mysteries
of astrophysics [68–71]. Many models have been pro-
posed to explain this observation [72–80], yet none are
confirmed. Our constraints are agnostic of these mod-
els and robust. The diffuse supernova neutrino back-
ground (DSNB) is the accumulation of all neutrinos emit-
ted by core-collapse supernovae over the history of the
Universe [81–83]. The current upper limits on the ν¯e
flavor of DSNB are due to the observations in Super-
Kamiokande [84], KamLAND [85], and Borexino [86].
We probe the DM fraction of non-spinning and spin-
ning PBHs by considering neutrino and positron emission
and possible detection by Super-Kamiokande (Super-K)
and INTEGRAL, respectively. By considering a log-
normal mass distribution, we can probe further into a
previously unexplored mass window. At low masses, our
results constrain the possibility that PBHs make up all
the DM.
Methods & Results.– PBHs can have wide range of
masses depending on its formation time [8]. An un-
charged rotating BH radiates with a temperature [51,
52, 87–89]
TPBH =
1
4piGNMPBH
√
1− a2∗
1 +
√
1− a2∗
, (1)
where MPBH denotes the mass of the PBH, GN is the
gravitational constant, a∗ ≡ J/(GNM2PBH) is the reduced
spin parameter, and J is the angular momentum of the
PBH. For a given PBH mass, the temperature can vary
by orders of magnitude as the PBH spin approaches its
extremal value, a∗ → 1.
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FIG. 1. Upper limit on dark matter fraction of PBHs, fPBH, from DSNB searches at Super-Kamiokande. The left, middle, and
right panel corresponds to a monochromatic PBH mass function and log-normal PBH mass functions with σ = 0.5 and 1.0,
respectively. In each plot, four different lines correspond to four different reduced spin parameters (a∗ = 0, 0.5, 0.9, 0.9999) of
PBHs. Tiny dotted, dashed, dot-dashed, and solid lines correspond to a∗ = 0, a∗ = 0.5, a∗ = 0.9, a∗ = 0.9999, respectively.
These constraints are derived using an NFW dark matter profile of the Milky Way.
The number of emitted particles with spin s in the
energy interval E and E + dE and in a time interval dt
from a PBH is
d2N
dEdt
=
1
2pi
Γs(E,MPBH, a∗)
exp [E′/TPBH]− (−1)2s , (2)
where Γs is the graybody factor [48, 51–53, 88–90] and
E′ is the total energy of the emitted species including
the rotational velocity. For the rest of our analysis, we
will use BlackHawk to compute the spectra of the emitted
particle [49]. We have checked this emission rate using
the semi-analytical formulas from Ref. [51–53, 88].
As the temperature of a PBH becomes comparable to
the energy of a particle, such a particle is emitted in sig-
nificant numbers [51–53]. We first focus on the emission
of neutrinos from PBHs. In order to derive bounds from
neutrinos, we need to take into account the Galactic and
extragalactic contribution of PBHs. The Galactic contri-
bution is given by
FGal =
∫
dΩ
4pi
∫
dE
d2N
dEdt
∫
dl
fPBH ρMW [r(l, ψ)]
MPBH
, (3)
where r is the galactocentric distance, ρMW(r) denotes
the DM profile of the Milky Way (MW), l is the dis-
tance from the observer, ψ is the angle between the line
of sight and the observer, Ω is the solid angle under con-
sideration, and the fraction of DM composed of PBHs is
denoted by fPBH . The upper limit of the line of sight
integral, lmax, depends on the MW halo size and ψ [91].
We use the NFW and the isothermal DM profiles using
the parametrization in Ref. [91]. For the extragalactic
contribution, the differential flux integrated over the full
sky is [8, 48]
FEG =
∫ ∫
dt dE˜ [1 + z(t)]
fPBHρDM
MPBH
d2N
dEdt
∣∣∣
E=[1+z(t)]E˜
,
(4)
where the time integral runs from tmin= 1 s, the neutrino
decoupling time, to tmax, the smaller of the PBH lifetime
and age of the Universe. Although the ultralight PBHs
are formed much earlier than the neutrino decoupling
time, we have taken it as a lower limit of the time integral
(tmin), because neutrinos emitted from PBHs can free
stream after neutrino decoupling. Note that, changing
this lower limit to smaller values has very little effect on
the corresponding upper limit. The average DM density
of the Universe at the present time is denoted by ρDM.
We use the cosmological parameters determined by the
Planck observations [1].
In addition to a monochromatic mass function for
PBHs, we also consider a log-normal mass function, as
predicted by many inflation models:
dNPBH
dMPBH
=
1√
2piσMPBH
exp
[
− ln
2 (MPBH/µPBH)
2σ2
]
,
(5)
where µPBH and σ are the average mass and width of the
distribution, respectively.
The upper limit on fPBH is obtained by comparing the
total Galactic and extragalactic flux due to PBHs, with
the current upper limit on the neutrino flux from dif-
ferent experiments. We find that neutrino experiments
looking for the DSNB are able to set interesting con-
straints. Neutrinos are emitted as mass eigenstates dur-
ing PBH evaporation [92]. So, for TPBH  mν , the ν¯e
flux is approximately equal to that of any one of the
mass eigenstates. Current upper limits on the DSNB
flux are 2.9 ν¯e cm
−2 s−1 (139 ν¯e cm−2 s−1) in the energy
(Eν¯e) range of 17.3 to 91.3 MeV (8.3 to 31.8 MeV) re-
spectively [84, 85]. We find that the Super-Kamiokande
and the KamLAND data help us probe the physical re-
gion of fPBH < 1. We only show the upper limit obtained
using the Super-Kamiokande data, as it is stronger at all
PBH masses we consider.
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FIG. 2. Upper limit on dark matter fraction of PBHs, fPBH, from INTEGRAL 511 keV gamma-ray line measurement.
The left, middle, and right panels correspond to a monochromatic PBH mass function and log-normal PBH mass functions
with σ = 0.5 and 1.0, respectively. In each plot, four different lines correspond to four different reduced spin parameters
(a∗ = 0, 0.5, 0.9, 0.9999) of PBHs. Tiny dotted, dashed, dot-dashed, and solid lines correspond to a∗ = 0, a∗ = 0.5, a∗ = 0.9,
a∗ = 0.9999, respectively. These constraints are derived using an NFW dark matter profile of the Milky Way and assume that
80% of positrons within 3.5 kpc of the Galactic center annihilate to produce the 511 keV signal. These constraints are derived
using an NFW dark matter profile of the Milky Way and assume that 80% of positrons within 3.5 kpc of the Galactic Center
annihilate to produce the 511 keV signal. In the left panel, the orange line shows the related limit derived from gamma-ray
observations [48] for a∗ = 0.9. Note that or constraints are more stringent at high mass.
Fig. 1 shows the upper limits on fPBH that can be de-
rived from DSNB searches, for various PBH mass distri-
butions and spins. The left panel shows the constraints
for the monochromatic mass distribution, whereas the
middle and the right panels show the constraints for a
log-normal distribution with σ = 0.5 and 1, respectively.
For all these cases, we choose a∗ = 0, 0.5, 0.9, and 0.9999
and the NFW profile to derive our limits. Since spin-
ning BHs evaporate faster [51–53], the limits for a∗ = 0.5
and 0.9 are stronger than the non-spinning cases for the
three mass distributions. For a∗ = 0.9999, we find that
the constraints are typically weaker than for a∗ = 0.9.
This can be understood by the rapid decrease in TPBH
as a∗ → 1 for a fixed value of MPBH. Because of the
much smaller temperature, there are fewer neutrinos in
the relevant energy interval, giving a weaker constraint.
This constraint is very robust and conservative. It de-
pends on the total DM mass of the MW, but not on
the DM profile of the MW. Unlike the positron derived
constraint, neutrino derived constraint is minimally sen-
sitive to propagation related uncertainties. These can be
due to matter effect and uncertainties in the oscillation
parameters.
For the detection of much lower energy neutrinos,
PTOLEMY is a proposed experiment with the capabil-
ity to detect the cosmic neutrino background [93–96].
We found that the event rate of low energy neutrinos
coming from the PBH evaporation is incredibly small in
PTOLEMY and thus it will not be able to set useful
limits [92].
The constraints from the GC positrons are derived
following Ref. [58]. Given the plethora of astrophysi-
cal models to explain the GC 511 keV line, we derive
the most conservative bound by simply requiring that
the number of positrons injected via PBH evaporation is
smaller than the number of positrons required to explain
the observed 511 keV line. The major uncertainty in this
technique arises from the unknown propagation distance
of positrons in the GC [72, 97, 98].
The observed flux of 511 keV photons implies that
the total production rate of positrons within the Galac-
tic bulge is ∼ 1050 yr−1 [70, 71, 99]. The limit on the
PBH fraction of DM (fPBH) is obtained by requiring that
positron injection rate from PBHs obeys this constraint:
fPBH ≤ 10
50 yr−1∫
dE
∫
dMPBH
dNPBH
dMPBH
d2N
dEdt
∫ d3r ρMW(r)
MPBH
. (6)
The energy interval in the above expression runs from
0.511 MeV to 3 MeV [100]. A careful astrophysical mod-
eling of the sources can improve this limit by an order
of magnitude [58]. In order to account for the propaga-
tion uncertainty of positrons, we consider two different
cases: (i) all positrons injected within 1.5 kpc of the GC
annihilate to produce the 511 keV signal and (ii) 80% of
positrons injected within 3.5 kpc of the GC annihilate to
produce the 511 keV signal [72, 97, 98].
Fig. 2 shows the upper limit on fPBH, from the GC
positron observation for various PBH mass functions and
reduced spin parameters. The left, middle, and right pan-
els display the constraints for the monochromatic PBH
mass function and the log-normal mass distribution with
σ = 0.5 and 1, respectively. In each panel, constraints
are shown for four different reduced spin parameters, a∗
= 0, 0.5, 0.9, and 0.9999. Because of the semi-relativistic
nature of the positrons, the constraints for a∗ = 0 is the
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FIG. 3. Variation in the upper limit on dark matter fraction
of PBHs for monochromatic mass distribution from INTE-
GRAL 511 keV gamma-ray line measurement, due to dark
matter density profiles and positron propagation. This plot
considers a PBH with a∗ = 0.9. The lines from top to bot-
tom correspond to isothermal with 1.5 kpc, NFW with 1.5
kpc, isothermal with 3.5 kpc, and NFW with 3.5 kpc region
of interest, respectively.
most stringent, especially at low PBH masses. One can
analytically show PBH spin can lead to TPBH < Ee, sup-
pressing positron emission. Because of this suppressed
emission, the constraints on fPBH weaken in parts of the
parameter space. Note that, the constraints derived from
the INTEGRAL observations are stronger than those de-
rived from the diffuse gamma-ray measurements, espe-
cially at PBH masses & few × 1016 g. See Fig. 4 in the
Supplemental Material (SM) for a more detailed compar-
ison.
Fig. 3 shows the variation of the positron constraints
for a∗ = 0.9, for different DM profiles and propagation
distance of low-energy positrons in the GC. Since this
variation is a multiplicative constant, as evident from
Eq. (6), this uncertainty is the same for PBHs with dif-
ferent spins. The strongest constraint arises when we
consider that the DM profile is NFW and that 80% of
positrons injected within 3.5 kpc of the GC annihilate
to produce the 511 keV signal. The weakest constraint
arises with the isothermal DM profile and a 1.5 kpc re-
gion of interest around the GC.
Summary & Outlook.– Although PBHs had been writ-
ten off as the dominant form of DM several years ago,
recent studies indicate that such a conclusion was prema-
ture. Our constraints represent a valuable contribution
to the now ongoing, more careful, reappraisal of the situa-
tion. See Fig. 5 in the SM for a bird’s-eye view of available
constraints. Angular momentum, a fundamental prop-
erty of BHs, can drastically change the evaporation rate
of a BH. There has been a recent surge of interest in spin-
ning PBHs and it is necessary to fully explore the param-
eter space of these exotic objects. Using DSNB searches
and the INTEGRAL observations of the Galactic center
511 keV gamma-ray line, we probe the allowed param-
eter space of uncharged spinning PBHs. We show that
nonzero angular momentum of a PBH allows us to probe
higher mass PBHs. Our constraints using the DSNB (IN-
TEGRAL) observations are weaker (stronger) than the
existing limits from the diffuse gamma-ray background.
Improved modeling of the GC positrons will also allow us
to probe PBHs more comprehensively. These constraints
depend on the underlying mass distribution [101–105],
however, it is generally true that there exist multiple
mass distributions for which PBHs can make up the en-
tire DM density. Although our neutrino constraints are
somewhat weaker, they are very robust to uncertainties
in the DM density profile (depending only on the to-
tal DM mass) and to a variety of astrophysical uncer-
tainties that are inevitably associated with photons or
charged particles. Near-future loading of gadolinium in
Super-Kamiokande and Hyper-Kamiokande will further
enhance their capability to search for the DSNB [106].
Possible DSNB detection, followed by a modeling of the
stellar background, will greatly increase the prospect of
PBH discovery via neutrinos.
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7Supplemental Material
Neutrino and Positron Constraints on Spinning Primordial Black Hole Dark Matter
Basudeb Dasgupta, Ranjan Laha, and Anupam Ray
In this Supplementary Material we present comparisons of the positron constraints that we derived in the main
text to other related constraints on primordial black hole dark matter.
I. COMPARISON TO OTHER LIMITS
Fig. 4 shows the comparison of our limits from INTEGRAL observations with that derived from gamma-ray mea-
surements, for the monochromatic PBH mass distribution (left panel) and the log-normal mass distribution with σ
= 1 (right panel). The constraints derived from the INTEGRAL observations are stronger than those derived from
the diffuse gamma-ray measurements, especially at PBH masses & few × 1016 g. For example, for monochromatic
mass distribution, the positron derived constraint on a PBH with mass ∼ 2 × 1017 g and a∗ = 0.9 is approximately
an order of magnitude stronger than the corresponding constraint from gamma-rays. Similarly for the log-normal
mass distribution, σ = 1, the constraint on µPBH ∼ 6 × 1017 g and a∗ = 0.9 from positrons is about a factor of ∼ 25
stronger than the corresponding gamma-ray constraint.
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FIG. 4. Comparison of the limits derived from gamma-ray observations [48] (in various shades of orange) with that derived in
this work (in various shades of blue) using the INTEGRAL 511 keV gamma-ray line measurements. For the latter, we have
used an NFW dark matter profile and assumed that 80% of positrons injected via PBH evaporation with 3.5 kpc of the Galactic
center annihilate. The line styles have the same meaning as in Fig. 2 in the main text. The left (right) panel corresponds to a
monochromatic (log-normal distribution with σ = 1) PBH mass distribution.
Fig. 5 shows the constraints on non-spinning PBHs, with a monochromatic mass function, over the entire viable mass
range. We see that PBHs can form the entire DM density if it has a mass in the range of 2 × 1017 g – 1023 g. These
constraints depend on the PBH mass distribution [101–105], however, it is generally true that there exist multiple
mass distributions for which PBHs can make up the entire DM density. Near future observations can completely
probe this mass range [24, 26–29].
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FIG. 5. Constraints on non-spinning primordial black hole dark matter with a monochromatic mass distribution over the entire
viable mass range. The various constraints are derived in this work (Super-K and INTEGRAL) and in Refs. [8–20].
